Abstract. Objective: Methods have previously been reported for simultaneous EIT and EEG recording, but these have relied on post-hoc signal processing to remove switching artefacts from the EEG signal and require dedicated hardware filters and the use of separate EEG and EIT electrodes. This work aims to demonstrate that an uncorrupted EEG signal can be collected simultaneously with EIT data by using frequency division multiplexing (FDM), and to show that the EIT data provides useful information when compared to EEG source localisation.
A c c e p t e d M a n u s c r i p t
Introduction
Epilepsy is one of the most common neurological conditions worldwide, with approximately 50 million people affected Meinardi et al. (2008) . Of these patients, some will be resistant to anti-epileptic drugs, and may require surgical intervention to remove the affected areas of the brain. Being able to accurately localise and potentially image the seizure onset area is a critical presurgical step. Intracranial electroencephalography (EEG) methods are the most commonly used for localisation (Benbadis et al., 2004) , which has the highest spatiotemporal resolution among current clinical methods for seizure monitoring. The main intracranial EEG monitoring methods are subdural grids, strips (electrocorticography, ECoG), and depth electrodes (stereo-EEG, SEEG). While these techniques have been successfully used for patient benefit, there are some associated limitations. Epileptic discharges may not have ECoG correlates if they originate >5 mm away from the contact boundary (von Ellenrieder et al., 2012) i.e in deeper subcortical structures; or if the source is oriented tangentially to electrodes (Burle et al., 2015; Ebersole, 1997) . Depth electrodes can overcome these issues, but are limited in their spatial sampling volume and, due to the increased invasiveness, may cause functional deficits due to structural brain damage (Wellmer et al., 2012) .
Additional limitations of ECoG and depth electrode techniques are that they are prohibitively invasive for cases of neonatal epilepsy, and they are not suitable for cases of electroclincial dissociation, where clinical symptoms of seizure are present but not in EEG recordings (Weiner et al., 1991; Murray et al., 2008) . There exists, therefore, a clinical need for improved presurgical evaluation to enable more precise localisation of the epilepsy onset zone.
Electrical Impedance Tomography (EIT) is a technique where an image of the internal structure of an object can be reconstructed from surface impedance measurements (Holder, 2004) , with the most successful applications of EIT reported in imaging organs of the torso (lungs, liver, breast) . EIT has also been used to image fast neural activity in the brain including epilepsy (Hannan, Faulkner, Aristovich, Avery, Walker and Holder, 2018) .
There are two distinct impedance changes during epileptic activity to which EIT is sensitive. The first, referred to as the fast change (lasting several ms), is caused by depolarisation of local neuronal populations due to the opening of voltage-dependent ion channels during epileptic activity (Vongerichten et al., 2016) . The second impedance signal, the slow change, is longer-lasting, due to changes in cerebral tissue impedance over several seconds during seizures (Harreveld and Schadé, 1962; Vongerichten et al., 2016; Wang et al., 2017; Hannan, Faulkner, Aristovich, Avery, Walker and Holder, 2018) . This is caused by cell swelling, and the associated impedance change can either precede or follow the electrographic changes associated with the epileptic events (Andrew and Macvicar, 1994; Broberg et al., 2008; Binder and Haut, 2013) EIT has previously been proposed as an adjunct to conventional invasive or noninvasive EEG monitoring methods, for improving the preoperative localisation of seizure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t foci (Boone et al., 1994; Fabrizi et al., 2006) , and the feasibility of EIT using depth electrodes has been demonstrated . The EIT and EEG inverse problems are similar, but EIT offers advantages with a greater number of independent measurements for the same number of electrodes, a theoretically unique solution and is not sensitive to dipole orientation Somersalo et al., 1992) However, due to limitations with existing EIT systems, it has not yet been possible to validate the collection of EIT data alongside EEG for clinical recordings, severely limiting its clinical potential.
EIT Hardware
It is possible to obtain EIT measurements using an EEG amplifier, with only the addition of a current source to inject current between pairs of electrodes in sequence. However, to minimise interruption of clinical procedures, several requirements can be placed on an EIT system for it to be deployed for simultaneous EEG/ECoG recordings:
(i) In order to correlate impedance changes to epileptic activity, EIT data should be recorded simultaneously with EEG data, using the same electrodes.
(ii) The EIT equipment should not affect the EEG signal When measurements are made as part of an existing clinical workflow used for diagnosis or treatment, care must be taken to avoid any disruption to the relevant medical data, which may introduce additional requirements on a case-by-case basis.
Requirement 2 precludes the use of any EIT system which employs switching of recording or injection electrodes, as this introduces artefacts into the EEG signal. While post-hoc correction of EEG artefacts has been demonstrated (Fabrizi et al., 2010) , this requires dedicated hardware filters and the use of separate EIT and EEG electrodes, contradicting Requirement 1. Crucially, sequential measurement and injection is not suitable for detecting infrequent spontaneous epileptic events, where a full imaging protocol cannot be obtained through coherent averaging.
Both requirements mean that injecting current between sequential pairs of electrodes, known as Time Division Multiplexing (TDM) is not suitable. However, these requirements can be satisfied using Frequency Division Multiplexing (FDM) EIT. In FDM-EIT current is injected at multiple frequencies simultaneously through different electrode pairs, and thus continuously collects a full EIT protocol and removes the need to switch injection pairs. The disadvantages of this technique are the greater complexity of the current source hardware, signal processing and reduced EIT protocols .
Experimental Design
In this work we investigate the extent to which clinically relevant EEG can be obtained simultaneous to FDM-EIT data. First the noise performance of an updated six channel FDM-EIT system by Dowrick and Holder (2018) is measured in resistor phantom 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t experiments. Then experiments in a human volunteer characterise the effect of the addition of EIT signals upon the frequency and transient response of clinically important EEG measures. As it was not possible to measure epileptic changes in these experiments, an ECG gated cardiosynchronous signal with similar time course and conductivity changes (Braun et al., 2018 ) is used to demonstrate the sensitivity of the EIT system. Finally, to demonstrate whether potentially diagnostically relevant information can still be obtained from EIT reconstructions when using a reduced protocol, images were made using an improved neonatal head tank (Avery, Aristovich, Low and Holder, 2017) and the accuracy compared to EEG inverse source modelling.
Methods

EIT Hardware
The EIT system used for data collection was a refined version of that reported in Dowrick and Holder (2018) , comprising a custom 6-channel current source Printed Circuit Board (PCB) and the actiCHamp EEG system (Brain Products GmbH). Full details of the system are given in Appendix B. The EIT current injection protocol was selected using a modification of the algorithm by Faulkner et al. (2017) to select only unique injection pairs. The brain cavity was divided into five regions, and the injection protocol found which maximises the total current density with an approximate even distribution between all regions (within 10%). For the tank this was performed on same mesh used for reconstructions, and on an example generic head mesh used in a stroke study (Goren et al., 2018) . The current amplitude was based on limitations for clinical studies using depth electrodes with an amplitude of 60 μA for all injection pairs, and frequencies above 1.5 kHz, to ensure the SEEG signal is not contaminated. The frequencies used were 1.5 kHz, 2 kHz, 2.5 kHz, 3.5 kHz, 5 kHz and 5.5 kHz, for six injections on the scalp. The inconsistent spacing was chosen to avoid noise introduced by the actiCHamp EEG system, which has a peak at 4 kHz. Two PCBs were used simultaneously in the tank experiments for a total of 12 injections, with 6 kHz, 6.5 kHz, 7 kHz, 7.5 kHz and 8 kHz added. A 20th order Butterworth filter with a bandwidth of 100 Hz was applied around each carrier frequency, after which the amplitude of the signal was extracted using the Hilbert transform. All noise measurements are presented as mean ± standard deviation in absolute values, and as a ratio of the mean to standard deviation both as Signal-To-Noise (SNR) in dB and as a percentage.
Resistor Phantom Measurements
Noise, SNR, Total Harmonic Distortion (THD) and inter-channel variation measurements (i.e. comparing the current magnitude across all 6 current sources) were measured on a 32-electrode resistor phantom, comprising 96 resistors, with values between 330 Ω and 1k Ω and the resistance between two adjacent electrodes was 2.7 kΩ. Values A c c e p t e d M a n u s c r i p t were calculated using 1 second of data, taken from the middle of a 10 second recording.
Scalp Recordings
2.3.1. EEG EEG and EIT measurements were made in a single human volunteer, with 21 scalp Ag/AgCl EEG cup electrodes (10mm radius, Micromed Electronics Ltd, England) in accordance with the the International 10-20 Electrode Positioning System (Oostenveld and Praamstra, 2001 ) with additional ground and reference electrodes placed along the midline at CPz and FCz respectively, a standard VEP montage (Walsh, 2005) . Experiments were approved by the UCL Research Ethics Committee. The subject's skin was prepared before placing the electrodes to minimise the electrode-skin impedance, remove dirt, grease and the external stratum corneum layer of skin cells from the surface (Rosell et al., 1988) . The skin at each contact site was rubbed with ethanol and then with abrasive gel (NuPrep, Weaver and Company, USA) applied using cotton buds before applying conductive EEG paste (Ten20 Conductive, Neurodiagnostic Electrode Paste, Weaver and Company, USA). Finally, the electrodes were then secured with tape. ECG was also recorded using a non clinical montage using two electrodes placed in the second intercostal space on the midclavicular line, using the same reference and ground EEG electrodes. This was filtered using a 1 Hz 2nd order Butterworth high pass filter, a 4th order 100 Hz Butterworth low pass filter and a 50 Hz 2nd order notch filter with Q factor 35.
Spontaneous EEG was recorded during an awake state, with 30 second periods of eyes open and closed, for a total of 10 minutes. This was performed first with no EIT system connected and repeated with the EIT system connected and active. The EEG signals were filtered using a 2nd high pass and 6th order low pass Butterworth filters with 1 Hz and 400 Hz cut off frequencies respectively. The power spectral density (PSD) for each 30 period was estimated using the Thompson Multitaper estimate method, with a time-halfbandwidth product of 10, for 1 Hz bins between 0-50 Hz. To identify the effect of the addition of the EIT current injection, a two-tailed paired t-test was performed on the spectral density in each 1 Hz frequency bin (P < 0.01) for both the open and closed case.
Visual Evoked Potentials
VEPs are a common clinical test, where EEG data is recorded from the visual cortex, in response to either a flash stimulation or pattern reversal stimulation (NeurophysiologySociety, 2006) . Clinically, this can provide information about abnormal conduction in the visual pathway and therefore it is widely used for assessment of conditions such as demyelination, optic neuritis or other neuropathies (Walsh, 2005) .
A VEP pattern-reversal stimulation paradigm was used (NeurophysiologySociety, 2006) . Visual responses were evoked with 0.6
• black and white chequerboard presented 75 cm in front of the subject on a laptop screen, reversing at 2 Hz for 180 sec and repeated twice. The stimulation was controlled by MATLAB code, using the PyschToolbox A c c e p t e d M a n u s c r i p t (http://psychtoolbox.org/) to adjust the cheque size, focusing point (cross) and the stimulation latency. A photodiode placed at the corner of the screen was recorded through an auxiliary channel on the actiCHamp, to capture the reversal triggers and enable synchronisation of the recorded data. The subject sat in a darkened room, with eyes opened and focused on the cross in the middle of the screen during VEP stimulation. Only voltages recorded in the three electrodes spanning the occipital region -O1, OZ and O2, were considered in subsequent analysis. In this case only electrode O1 was used for current injection, with the others as measurement only. The VEP data was filtered according to the American Clinical Neurophysiology Society Guidelines (NeurophysiologySociety, 2006), using a 2nd order 200 Hz low pass Butterworth filter and a first order 1 Hz high pass filter. Whilst guidelines state that it is preferential to avoid the use of a notch filter, a 6th order 50 Hz notch filter with 1 Hz bandwidth was found to be necessary in these experiments on electrodes where EIT current was also being injected. The final traces were then obtained using coherent averaging of c. 720 reversals. As with the spontaneous EEG experiments, VEPs were recorded first with only the EEG system connected, and then with the EIT system connected and injecting current.
To investigate the effect of the addition of EIT on the VEP signals, the amplitude and latency of the two most clinically relevant features were extracted. These were the positive component 100 ms after pattern reversal, P100, and the smaller negative component after approximately 145 ms, N145 (Walsh, 2005) . First the P100 latency of both for the global average of all 718 repeats for each case was compared. As the VEP signal is only apparent after coherent averaging, two-tailed paired t-test was performed on the P100 peak and latency of averages of 100 repeats, i.e. n=7 for both with and without EIT present.
EIT Cardiosynchronous Signal
It was not possible to replicate the exact EIT signals expected during seizures in a healthy volunteer, so a substitute signal was required to demonstrate the capabilities of the system. Previous studies using the visually evoked EIT signals used either a Bipolar square wave current source (Gilad and Holder, 2009 ), or injected 1 mA at 50 kHz (Tidswell et al., 2001) . These signals are similar in amplitude and time course as the fast neural and cell swelling signals respectively. However, these studies used current signals which could not be reproduced in these experiments using FDM-EIT, as they would either introduce switching artefacts, or require frequencies outside the bandwidth of the EEG amplifier used.
EIT waveforms have components that are synchronised with cardiac activity (Halter et al., 2008; Adler et al., 2017) , and have been proposed as a non invasive measure of stroke volume of the heart (Braun et al., 2018) and pulmonary artery pressure (Proença et al., 2016) . This signal is also present in scalp measurements, whilst commonly not of direct interest in brain applications, the time course of ≈ 1s is of the order expected during cell swelling during a seizure (Harreveld and Schadé, 1962 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t spike Vongerichten et al. (2016) . Commonly carrier frequencies above 50 kHz are used to investigate cardiosynchronous signals (Proença et al., 2016; Braun et al., 2018) , but as they are largely resistive structural changes, they are present at the same frequencies as those arising from cell swelling. Further, dependent upon the location on the body where they are measured, cardiosynchronous impedance changes are of the order as those expected on the scalp during seizures, 0.1 % or less Fabrizi et al. (2006) .
The ECG gated signal was extracted from the continuous EIT measurements during the spontaneous EEG recordings. The EIT traces were filtered using a 1 Hz 1st order high pass, and 50 Hz 2nd order Butterworth Low pass filters, before coherent averaging of 151 repeats. Due to the non-clinical ECG montage used, S (as opposed to R) was the most prominent component of the QRS complex and was thus used as the trigger for coherent averaging.
Tank Experiments
A modified version of the 32-channel 130 mm diameter neonatal head tank and perforated skull with realistic conductivity distribution, described by Avery, Aristovich, Low and Holder (2017) , was used in all experiments. In this study, the 3D models were altered to incorporate sintered Silver/Silver-Chloride electrodes (Biomed Electrodes, USA) and the alignment of the skull surface perforations to the scalp surface was improved. The tank was filled with 0.2 % saline for a background conductivity of 0.4 S/m in the scalp and brain layers, and the skull conductivity was 0.03 S/m. A laser-cut open source robot arm (MeArm, Mime Industries UK) was mounted on the frame of the tank Figure 1 , which allowed for positioning of the perturbation throughout the tank, and complete removal for baseline recordings.
To minimise the displacement of saline during motion of the robot arm, a spherical 3D lattice perturbation 20 mm in diameter and 16% volume fraction was designed using MeshMixer (Autodesk Inc., USA). The perturbation was printed using conductive polylactic acid (cPLA) (Protopasta, USA), which has a rated conductivity of 0.67 S/m, but the effective conductivity of the printed models is dependent upon the layer size and internal structure. The printing parameters and beam thickness were chosen to produce a 10% contrast when placed within a two electrode saline tube phantom, as described in Avery, Aristovich, Low and Holder (2017) .
Static Measurements
Data were collected with a static perturbation in three locations: anterior, posterior and lateral, Figure 3 . In each case, 10 seconds of baseline data were collected before each perturbation was placed inside the tank, with a further 10 seconds of data recorded for each perturbation. The mean amplitude of one second in the middle of the recording was calculated for the baseline and perturbation periods, to produce one set of voltage difference data for each perturbation. 
Comparison to EEG Inverse Source Modelling
A dipole representing an EEG source was placed inside the spherical perturbation, to allow a direct comparison between EEG source localisation and EIT. Two 0.32 mm (28 AWG) wires were positioned on the outside of the lattice perturbation, with approximately 0.5 mm of the insulation at the tip exposed. The current dipole was generated using the DAC on an Arduino Due at 50 kHz update frequency and a battery powered, single ended Howland current pump. The input voltage signal was half a second of resting EEG signal recorded in the previous experiment, chosen at random, with a bandwidth of 5 -300 Hz. The current level was scaled to produce an RMS voltage of 200 μV in the largest channel in the posterior location when oriented parallel to the midline. The effect of the addition of EIT was further investigated by comparing the EEG signals measured on the channel with the largest measured voltage that was also used to inject current. The correlation coefficient was calculated to understand the temporal correlation, PSD and spectral coherence was calculated to investigate any frequency dependent effects. T-tests were performed comparing both the distribution of voltages (1 ms time bins) and power spectral density (1 Hz bins) for all 20 repeats of the EEG signal, with P < 0.01. Reconstructions were made at a single time point, at the peak voltage in the EEG sequence.
Dynamic Measurements
Often, epileptic activity is not limited to a single location, but can spread from an initial focal onset to secondary or tertiary locations through the recruitment of additional neural circuits Kramer and Cash (2012) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Therefore, to better represent these impedance changes, dynamic recordings were made where the lattice perturbation was moved between the anterior, posterior and lateral locations in sequence. The speed of the robot arm (Supplementary Materials) was limited to 0.1 m/s to minimise artefactual impedance changes from excessive motion of the saline background. The motion of the motor arm was smoothed further by defining S Curve velocity profiles to minimise sudden changes in acceleration Meckl et al. (1998) . One second of baseline data was recorded before commencing robot movement, after which data was recorded continuously. The sequence was repeated twice within a single recording, for a total of 25 seconds. The EIT traces were decimated using a 100 order FIR anti-aliasing filter from a sample rate of 100 kHz to 20 Hz, using four incremental decimation steps, and then low pass filtered using a 20 Hz 2nd order Butterworth filter.
EIT & EEG Image Reconstruction
A circa 6,000,000 tetrahedral element mesh of the head tank, generated using UCL-MESHER, was used to compute the forward model in PEITS (Jehl et al., 2015) and generate simulated data. EIT images were reconstructed using a circa 200,000 element hexahedral mesh and 0th order Tikhonov algorithm with noise-based correction; the hyper parameter was chosen using leave one out cross validation (Aristovich et al., 2014) . The noise based correction assigns each element in the mesh a value according to the significance of the change, rather than an absolute impedance value. Images were rendered using ParaView, with a full-width half-max (FWHM) threshold applied. The EEG inverse problem was implemented using the same methods as WitkowskaWrobel et al. (2018); Aristovich et al. (2018) , which uses the linearised lead-field matrix, calculated using a combination of the adjoint fields theorem and the reciprocity theorem (Vallaghé et al., 2008) . Images were reconstructed using the same meshes and 0th order Tikhonov regularisation method.
The quality of the reconstructed images was assessed using three image quantification metrics (Malone et al., 2014 ):
• Localisation error: the displacement of the centre of mass of the reconstructed perturbation with respect to its real position, as a percentage of the tank's diameter.
• Shape error: the mean of the difference in each axis of the reconstructed perturbation to the perturbation's actual width, expressed as a percentage of the tank's diameter.
• Image noise: the standard deviation of all conductivity changes not belonging to the reconstructed perturbation, expressed as a percentage of the mean of the reconstructed perturbation's conductivity changes. A c c e p t e d M a n u s c r i p t
Results
Resistor phantom
Noise across all channels was 1.87 μV ± 1.12 μV (0.014% ± 0.012%); SNR was 79.3 dB ± 5.15 dB; THD was -60.8 dB ± 1.8 dB ; and mean inter channel variation 0.35 %.
Scalp Recordings
3.2.1. EEG Noise in the EIT measurements was 1.51 μV ± 0.85 μV and mean SNR value was 61.6 dB ± 4.2 dB (0.09% ± 0.1%). The PSD was extracted for the eyes opened and eyes closed cases, without EIT Figure 2A and with EIT Figure 2B . There was a clear increase in alpha and beta band activity in both cases. There was no significant difference in the EEG for eyes open or closed with or without FDM EIT applied. A t-test across all frequency bins yield a p-value of 0.34 (eyes open) and 0.47 (eyes closed). When comparing isolated frequency bins, statistical difference (P<0.01) was found in 3.5% of bins. However, these results did not repeat across electrodes, nor did they occur in adjacent bins, with the exception of 50 Hz. As such, it is reasonable to attribute these to system noise and EEG variation rather than an effect of the EIT stimulation.
Visual Evoked Potentials
The 50 Hz noise increased from 1.03 μV ± 1.06 μV to 1.65 μV ± 2.18 μV when EIT was used. This was attributed to noise pickup from the additional cabling present in the system and prompted the use of the 50 Hz notch filter, commonly used in other EEG assessments, but the signal latency was unaffected. P100 and N145 are clearly visible Figure 2C , latency differences were < 0.2 ms in P100 and N145 in global average all three channels. Considering bins of 100 samples, there was no significant difference in latency (P=0.464) or the peak voltage (P=0.611) of P100 with and without EIT present.
Cardiosynchronous
A clear, repeatable ECG gated component was present in the EIT δZ signal Figure 2D , with peak amplitudes ranging from approximately 0.2 to 5 μV or 0.005 to 0.07 %. The impedance increases to a peak at approximately 200 ms after the R wave, with a sharp decrease at the start of T wave, corresponding to a relaxation of the heart. Typically, the Pulse Arrival Time (PAT) is reported, but the inflexion point is unclear in these results, however the peak time is consistent to that observed in other studies in the chest (Proença et al., 2016; Braun et al., 2018) .
Tank Experiments
Static Perturbations
The mean noise value across all EIT measurements was 0.70 μV ± 0.21 μV (0.36% ± 0.02%). The mean SNR was 69.95 dB ± 3.5 dB. The reconstructions using an FDM-EIT protocol (12 injections), Figure 3 , are qualitatively similar to those in previous studies using a larger TDM-EIT protocol (32 injections),
Page 10 of 21 AUTHOR SUBMITTED MANUSCRIPT -PMEA-102880. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 despite the lower number of injections used. However, there were increased positive artefacts and perturbation distortion (Avery, Aristovich, Low and Holder, 2017; Dowrick and Holder, 2018) . This is reflected in the image quantification metrics, where the mean localisation error, 2.6% was lower than shape or noise error, 8.7% and 12.2% respectively. The anterior position had the lowest of all three error metrics with 18% total error, compared to 31.6% and 20.0% in the posterior and lateral positions. EEG inverse reconstructions were successful during EIT measurements, but with considerably larger shape distortion as the perturbation was drawn towards the frontal area. This contributed to a significantly larger image error scores of 90.2% compared to 23.5% for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t EIT.
EEG Comparison
No significant difference was present between the EEG data recorded with or without EIT, in either the raw voltage signal, Figure 5a (p-value >0.05), or the PSD magnitude (p-value > 0.05) Figure 5b . The magnitude-squared coherence was γ 2 0.967 ± 0.046, suggesting a highly linear correlation across the whole spectra. The correction coefficient across all 32 channels was 0.93 ± 0.061.
Dynamic Experiments
A single perturbation was successfully reconstructed in every frame during the dynamic experiments, Figure 6 and Supplementary Materials. The trajectory follows the programmed sequence showing the perturbation entering the tank, then moving between four perturbation locations. As with the static perturbations, the shape error was uneven across the head, increasing in the posterior and lateral locations.
Discussion
The Noise and SNR values measured in the resistor phantom were comparable to those previously reported for the UCL ScouseTom system (Avery, Dowrick, Faulkner, Goren and Holder, 2017) , and the SNR during scalp electrodes was superior to those recorded in the ScouseTom in stroke patients and healthy subjects (Goren et al., 2018) . This can be attributed to the reduction of wiring, and the implementation of a fully battery powered floating parallel current source. The values are also in line with desired noise values (<0.1 %) for clinical recording of epileptic activity (Fabrizi et al., 2006) . The level of inter channel variation can be attributed to the use of 1 % tolerance resistors and 5 % tolerance capacitors in the fabricated current source. Therefore, this can be improved using components with a better tolerance, or through combining multiple components in parallel.
Data collected using the EEG dipole, scalp EEG and VEP recordings demonstrated that unaffected EEG can be collected alongside EIT data. The EEG signal could be recovered and displayed in real time through the use of in-built filters in the actiCHamp software, or by offline filtering in MATLAB. As the signal was unaffected on both measurement and stimulation electrodes, the total number of parallel injections could be increased to allow for more data to be collected. As a maximum, every electrode could be used for injection, giving 16 injection pairs for the same 32 electrode montage used on stroke patients (Goren et al., 2018) .
In the tank, despite the reduced injection protocol, it was still possible to reconstruct a physiologically representative perturbation throughout the brain, tracking the trajectory of the centre of mass with a frame rate of 20 Hz, Figure 6 . Whilst no such perturbation was present in healthy subjects, the cardiosynchronous signal Figure 2d 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t This suggests that it is suitable for long term monitoring applications, using either the Inter Ictal Spike (IIS) triggered signals Vongerichten et al. (2016) or seizure induced cell swelling signals, expected to be of the order 0.1 % on the scalp Fabrizi et al. (2006) . Whilst the EEG inverse could be improved using specialsied inverse source methods Vanrumste et al. (2008); Michel et al. (2004) , the direct comparison in Figure 3 shows the potential for EIT to provide additional diagnostic data, without altering clinical workflows. Image quantification metrics for static tank images were found to be consistent with previously published values, with a localisation error of 2.6 % compared to 2.6 % (Avery, Aristovich, Low and Holder, 2017) and 2.8 % in previous 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 studies in the same phantom. Overall however, there was a reduction in image quality compared to sequential EIT with larger numbers of injections, which is consistent with expectations and is one of the necessary trade-offs when using FDM-EIT due to the limited number of injections possible. Whilst the localisation error was consistent across the head, including more locations in this study has made clear the increased spatial dependence of the reconstructed image quality. This is evident in the reconstructed shape error, which doubled in the posterior and lateral locations, both areas which were not prioritised by the current injection selection algorithm. This uneven coverage resulted in an uneven sensitivity, and thus greater errors in these locations. This effect is more pronounced when using only 12 injection pairs compared to c. 32 as in previous studies with this phantom (Avery, Aristovich, Low and Holder, 2017) .
Technical Limitations and Recommendations for Use
Careful choice of injection frequencies is recommended for parallel EIT, in order to maximise the signal amplitude. As a minimum, the spacing between frequencies should 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t be greater than twice the filter bandwidth used during the signal processing phase, to avoid contamination between signals. Further, it is desirable to keep all frequencies within one octave of the fundamental, so that harmonics do not affect higher frequencies. In practice, this can be difficult to achieve, as it must be balanced against the frequency range in which the signal is present, and the recording capability of the EEG amplifier (20 kHz in this case). If a region can be targeted a priori then the EIT protocol can be further optimised to maximise the sensitivity within the ROI.
The approach described in this work is well suited to impedance changes with a predominately resistive component (cell swelling, blood flow, pulsatility) which occur over a wide frequency range, as the spectral range can accommodate sufficient current injections with the required bandwidth separation. It is less well suited to fast changing signals with limited signal range. For example, fast neural epilepsy signals have bandwidth requirements >1 kHz, requiring 2 kHz spacing between frequencies, allowing only two injections in the usable frequency range, up to ≈3.5 kHz Faulkner et al., 2018) . For comparison, the slow impedance change has a usable frequency range up to˜10 kHz and bandwidths as low as 1 Hz can be used .
In this work, the same EEG system was used to collect both the EEG and EIT data. This limits the usable recording systems to high specification research systems (BioSemi, actiCHamp, g.tec) . At present, only the g.tec system has a CE marking for clinical use, but this is not widely used clinically. Most clinical settings will use an EEG system with a lower sampling rate (e.g. Micromed or Natus Quantum LTM Amplifier). As such, it would be necessary to use a separate recording system to collect EIT data. Depending on the design of the clinical system being used, it may be necessary to implement custom hardware filters or DC blocking, to avoid saturation of the clinical amplifiers inputs. For example, the Micromed system has a dynamic range of only several mV (compared to ≈0.5 V for research systems), and the input amplifiers can easily become saturated by small DC offsets present on EIT injection channels, obscuring any EEG signal. Many EEG amplifiers implement oversampling to reduce noise and increase resolution, in which case the lowest EIT injection frequency used would be constrained by the ADC sampling frequency, not the EEG bandwidth.
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